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ARMY LIGHT VTOL TRANSPORT AIRCRAFT REQUIREMENTS

VTOL PAYLOAD : 4000 LB. OR MORE

HOVERING CEILING, OGE: 6,000 FT. , 95

RADIUS OF ACTION : 200-500 NAUTICAL MILES

POWER PLANT : TURBINES AVAILABLE 1960-1963

CONFIGURATION : RAMP LOADING

DESIGN&CONSTRUCTION : CURRENT DESIGN PRACTICE
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1. SUMMARY

A summary report of the McDonnell design study of the Army light VTOL transport

aircraft incorporating the XV-1 principle is presented in fulfillment of Reference 12.1
contract.

A comparison is made of various VTOL concepts applicable to the Army light VTOL
transport based on the design mission definitions of Reference 12.1 and the three
parameters which establish usefulness and economy; the aerodynamic efficiency expressed
as the 1ift to drag ratio, the structural efficiency expressed as the ratio of empty
weight to design gross weight, and the propulsive efficiency expressed as the specific
fuel consumption per thrust horsepower. This comparison indicates a large margin of
superiority of the XV-1 type over either the pure helicopter or the turboprop VIOL.

The justification of component selection is given for the suggested VIOL aircraft
which retains the basic unloaded rotor principle of the XV-1 with configuration im-
provements resulting from flight experience, development and test programs, and Model
113 design studies. The difference in mission requirements is also reflected in the
proposed aircraft. The basic differences from the XV-1 configuration are the replace-
ment of the reciprocating-pusher propeller system by a multiple gas turbine-tractor
propeller system, replacement of the skid gear by a retractable tricycle gear, and
replacement of the twin boom empennage by a conventional aft fuselage and empennage.

The recommended aircraft is of the fully unloaded rotor type with tip Jjet drive,
combining good helic~pter type handling characteristics in low speed flight with good
airplene type handling characteristics in cruising flight where surface controls are
used rather than rotor controls. The McDonnell rotor system incorporated in this
aircraft provides for inherent dynamic stability about all axes in helicopter flight
without the use of stabilizing bars or other devices to artificial.y introduce damp-
ing. These characteristics have been displayed in the XV-1 convertiplane and the
McDonnell Model 120 helicopter.

The use of this rotor system with high sclidity and small diameter permits the
establishment of dynamic characteristics which eliminate ground resonance and me-
chanical instability. This feature and the absence of rotating propellers during
low speed flight permits safe operation completely independent of the take-off and
landing terrain.

In common with other helicopter type VIOL aircraft the selected version possesses
safety characteristics of good autorotational capabilities, 1ift augmentation in
ground proximity, and a source of rotational kinetic energy which can be used for
partial power or power-off flares. In addition, one engine out performance data
show a high level of safety and emergency mission completion, especially for the
three- and four-engine aircraft; this is characteristic of the unloaded rotor
helicopter.

A spectrum analysis of VTOL aircraft utilizing the XV-1 principle is presented
and covers design gross weight variations fiom 15,000 to 60,000 pounds to show the
size of the aircraft required to meet any specific payload-radius combination within
the bracket defined in Reference 12.1 contract.

A 30,000-pound aircraft is recommended for the Army light transport. Three
different engine installaticns are treated: four T58-GE-8, three T55-L-7. aad two
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T64-GE-2. With two T6L engines a 2-ton payload can be carried over a 34%0-nautical mile
radius of action with a teke-off gross w2ight at which hovering out of ground effect at
6000 feet 95°F is possible. If the hovering requirement is reduced to standard sea
level conditions, the same aircraft can transport a payload of 4000 pounds over a
redius of action of 925 nautical miles or a payload of 14,800 pounds over a radius of
action of 250 nautical miles.

The unloaded rotor compound helicopter lends itself well to STOL cperation.
Theoretical analyses of STOL overload operations for the Model 113 show that the
take-off weight for a running take-off to clear a 50-foot obstacle within 500 feet is
about 5 percent greater than the maximum vertical take-off welght. These anslyses
agree with flight test data on overload capabilities of pure helicopters. It is also
shown that when plotted against take-off altitude at a 250-nautical mile radius the
payload increases by about 15C0 pounds on a 95CF day for STOL operation and that the
standard day capability is increased by about 1800 pounds. For sea level conditions
the 95°F day STOL payload is 20 percent greater and the standard day payload is 15
percent greater than the VIOL payload. If runways are available for teke-off without
the 500-foot restriction, these payload increases can be approximately doubled.

The high cargo flow and resulting high productivity for the pressure jet driven
unloaded compound helicopter stem from the combination of moderately high 1lift to drag
ratio (L/D = 10) and the low ratio of empty weight to gross weight. This low ratio is
primarily the result of the power plant weight saving achieved through the application
of the pressure Jet system which possesses an inherently low ratio of installed power
to rotor power.

When the McDonrell rotor system is combined with tip jet drive, the maintenance
is unusually low compared with conventional rotor systems. This is a result of low
rotor speed operation in cruising flight; elimination of all bearings under centrifu-~
gal load: elimination of dampers, stabilizers, or other devices on the blades; and
use of lubrication-free Teflon bearing surfaces in all oscillating bearings.

Total military direct operating cost including maintenance, fuel and oil, and
crew costs but excluding depreciation is estimated at 181 dollars per flight hour.
Development schedules and costs for five and ten prototypes and production costs are
estimated for production rates of 25 and 100 aircraft per year.
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2. INTRODUCTION

This final report presents the results of preliminary design studies of light
VIOL Army transport aircraft performed under contract to TRECOM dated 30 June 1959
(Reference 12.1). The statement of work in the contract calls for studies of VTOL
transport aircraft with a VIOL payload of approximately but not less than 2 tons at
6000 feet 95°F out of ground effect hovering and with a radius of action from 200 to
500 pautical miles. The aircraft are to incorporate, where applicable, the features
and principles of the McDonnell XV-1 research aircraft. The power plants are to be
selected from those expected to be available in the 1960-1963 time period. Two alter-
nate cargo compartment sizes are to be studied: height, width, and length, respec-
tively, of 78, T2, and 288 inches and of 78, 96, and 360 inches. The aircraft
performance is to be determined for various mission profiles and also for conditions
less stringent than the Army hot day.

In addition to VIOL performance studies, the stetement of work calls for a dis-
cussion of STCL and ferrying capabilities; stability and control characteristics in-
cluding transition techniques; and power system characteristics with respect to
mechanical complexity, power losses, cooling requirements, vibrations, service life,
system weight, and safety. Finally the contract calls for recommended military and
technical specifications for this class of aircraft; a discusslion of sacrifices as-
sociated with the selected criteria; and estimated development, production, mainte-
nance, and operating costs. The contract emphasizes the inclusion in the final report
of substantiating data, methods, and assumptions used in the preliminary design in
such a way that a valid comparison with other VTOL designs can be derived.

In general, the methods used to establish aerodynamic and performance data and
stability and control characteristics follow the material developed in Reference 12.2.
Conventional helicopter and airplane methods of performance analysis are followed.
Where applicable, all procedures and methods are modified to incorporate current
practices and latest available information gained from wind tunnel data, NACA reports,
etc. Stability and control characteristics are obtained primarily from wind tunnel
test data for similar configurations and from full scale flight tests of the XV-1
convertiplane.

In the unioaded rotor principle explored by the XV-1, the 1ifting rotor, when
relieved of its three functions to provide 1lift, propulsive force, and control, is
capable of autorotating at advance ratios several times higher than those to which a
pure helicopter is limited. An aircraeft designed to this principle is capable of
three distinct flight regimes The first is helicopter flight utilizing accepted
helicopter principles of 1ift generation and control. The second is autcgyro flight
with propellers supplying forward thrust and the rotor remaining at a relatively
high rpm carrying about one-half of the lift with the wing carrying the remaining
half. The third is airplane flight, with typical airplane flight controls and also
with propeller drive, where the rotor autorotates at less than half its helicopter
rpm contributing only a relatively small portion to the total aircraft 1ift and drag.
A rotor speed sensing governor actuates the longitudinal cyclic pitch mechanism to
maintain constant rpm; thus for airplane flight speeds the rotor advance ratio varies
from approximately .5 to 1.2. The rotor has no primary control function in the
airplane flight regime.

The results of extended flight testing of the McDonnell XV-1 research aircraft
by company and by Alr Force pilots during 1955-57 (Reference 12.3 summarizes the

1
|
1
|
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Air Force evaluation of this aircraft) prompted the company to start the preliminary
design phase of a VIOL transport designated Model 113 which incorporates all the
features and principles of the XV-1 research aircraft. This aircraft meets the TRECOM
criterion for a light VIOL Army transport with a payloed of approximately but not less
than 2 tons at 6000 feet 95°F and with a radius of action of more than 200 nautical
miles. A large number of design variations of this VIOL transport have been studied
since 1956 (Reference 12.4). Extensive wind tunnel tests with a scale model of one
configuration, including the rotor, have been conducted.

The light unloaded rotor transport configuration with four T58-GE-8 free turbine
englines is designated Model 113P. Alternate versions of the Model 113 have three
T55-L-7 or two T64-GE-2 turbine engines. The Model 113P version is a 30,000-pound
VTOL transport designed for the Army criterion of hovering out of ground effect at
6000 feet 95°F (11 percent power augmentation) and carrying, under these stringent
conditions, a payload of 3 tons and fuel sufficient for a radius of action of 100
nautical miles. With a payload of only 2 tomns, the radius of action is extended to
230 nauticael miles. The cruising speed is approximately 200 knots.

The design of Model 113P is based not only on the flight experience with the XV-1
research aircraft but also on the experience with the Navy T75-foot, 50,000-pound
thrust Jjet driven helicopter rotor which accumuwlated over 150 hours of whirlstand
operation. During the extensive studies of the problems connected wita the develop-
ment of a 2- to 3-ton, 200-knot VIOL aircraft, optimum parameters of such a craft

were established considering not only performance criteria tut also dynamic, structural,
weights, stability, control, and flight conversion criteria.
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3. RECOMMENDED LIGHT VTOL TRANSPORT REQUIREMENTS

3.1 2Purpose of Recommendations - The usefulness and economy of any aircraft
depends to a large degree on the design requirements and design specifications. In
the case of the VIOL aircraft it is especially important not to compromise the design
by requirements which would impose deviationes from the optimum combination of design
parameters. For example, studies have shown that for a VIOL aircraft a cruising
speed of about 200 knots results in higher transport efficiency than a cruising speed
of 30C knots. If transport economy is desired it would, therefore, be detrimental to
this purpose to specify a VIOL design requirement for a cruising speed of 300 knots.

The following recommended transport requirements hiave been selected with the
purpose of avoiding compromise of the optimum design of an XV-1 type VTOL aircraft.

However, when applied to other VTOL types, these requirements msy result in severe
penalties.

3.2 Performance and Mission Profiles

3.2.1 General Performance - Reference 12.5, approved by Departments of Army-
Navy-Air Force, is recommended, with some exceptions, as the general performarnce
specification for the Army light VIOL transport aircraft. Tre desired specific per-
formance such as hovering criterion, radius of operation, payload, cruise speed, and
cruise altitude, and deviations necessary because of the special characteristics of
VIOL aircraft should be in the type specification. A combined requirement of hover-
ing out of ground effect at 6000 feet 95°F with a 2-ton payload and for 500-nautical
mile raedius of operation is considered too stringent and causes a disproportionste
increase in gross weight. The requirements recommended are a radius of 250 nautical
miles for the 6000-foot 95°F hovering OGE criterion, and a radius of 400 nautical
miles for & hovering OGE critericu of sea level 100°F ambient temperature.

The engine out performance requirement has a decisive influence on the over-all
aircraft design and should be carefully considered. Two of the one engine out re-
quirements of Reference 12.5 refer to the service ceiling; for normal gross weight
the maximum power service ceiling shall not be less than sea level on a hot day, and
for overload gross welght maximum power service ceiling chall not be less than sea
level on a standard day. It is recommended that for such types of VTOL aircraft
which are capable of one engine out emergency landing with a touchdown forward speed
less than 30 knots, the engine out service ceilings of Reference 12.5 be replaced
by sea level standard day for normal gross weight. If the low emergency landing
speed is not attainable, the requirements of Reference 12.5 should apply. The

subject study, as recommended by TRECOM, is based on sea level standard day for
normal gross weight.

3.2.2 Cruising Speed - Some studies have indicated that cruise speeds of 150
to 200 knots are optimum from a vulnerability standpoint for "nap of the earth" type
of operation. Lower speeds increase vulnerability from ground fire. Higher speeds
increase hazards in low altitude flying. High altitude increases vulnerability
through radar detection. A study of VIOL types indicates that optimum empty weight
and productivity for the light VTOL transport aircraft occur at a cruise speed in
the vicinity of 200 knots. Therefore, it is recommended that a cruising speed of
not less than 180 knots be required.

SN —
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3.2.3 Cruising Altitude - The best utility of the light VTOL transport aircraft
appears to be in the 200- to 300-nautical mile radius regime. To cover the majority
of such cases, a design cruise altitude of 10,000 feet or less is recommended. This
avoids the necessity for oxygen and pressurization which are additional hazards in
military operations.

3.2.4 Ferry Range - For complete global mobility, it is recommended that a ferry
range of not less than 2000 nautical miles be required. FRunning take-off under stand-
ard day conditions at sea level should be permitted to obtain this range.

3.3 Stability and Control - Basically the helicopter flying qualities specifi-
cation, Reference 12.6, is recommended for hovering and low speed stability and control
requirements; the piloted airplane flying qualities specification, Reference 12.7, is
recommended for cruise and high speed stability and control requirements. By follow-
ing these specifications, the Army light VIOL transport aircraft will have the desirable
low speed handling characteristics of the helicopter while retaining the cruise flying
qualities of the conventional fixed wing transport.

It is recommended that the Army VTOL aircraft possess inherent levels of static
and dynamic stebility sufficient for emergency operation in any possible flight regime.
Use of automatic stabilization equipment to augment stability during normal operation
is considered acceptable. Aircraft types incapable of attaining inherent stability
levels sufficient to meet the emergency requirement should be required to have com-
pletely separate, dual stabilization systems.

1
Direct aerodynamic control, i.e., cyclic and collective pitch and/or surface I

area control, of the VIOL aircraft in all flight regimes is recommended. Such systems

rely only on structural integrity and generally provide control for a minimum loss of

power und/or weight penalty. Control powers should be sufficient to meet the response

requirements of the flying qualities specifications recommended, even when artificial

stebility is obtained by primary control deflection. In addition, control power l

should be adequate to compensate any moment unbalance resulting from an emergency

such as power loss; whether partial or complete.

3.4 Basic Structural Criteria

3.4.1 Flight Criteria - The structural criteria should conform to the appliceble
portions of existing Military Specifications such as References 12.8 and 12.9. The
maneuvering loads should be determined in accordance with the wing and aircraft stall
characteristics in conjunction with the control characteristics which are consistent
with the recommended flying qualities outlined in Section 3.3. Based upon the degree
of maneuverability required, the recommended symmetrical limit load factors at the
aircraft center of gravity are 3.0 positive and -1.0 negative. Gust effects should
be determined in accordance with Reference 12.9 where applicable.

The flight V-n envelope should cover the entire range of flight speeds with
particular attention to the principal flight regimes such as hovering and slow speed,
and the airplane flight regime in which a large portion of the aircraft weight is
supported by a wing. Transition regimes which involve short periods of time with
the absence of maneuvering are likely to be noncritical with respect to the struc-
tural weight. A representative flight V-n envelope obtained by the above methods
is shown in Figure 7.22.
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3.4.2 Landing Criteria - It is recommended that the landing, taxiing, and ground
handling criteria be determined in accordance with Reference 12.8 for the helicopter
class of VIOL capable of performing a helicopter type autorotational landing; and in
accordance with Reference 12.9 for airplane class of VTOL.

3.4.3 Fatigue Criteria - Fatigue criteria similar to those of Reference 12.8
should apply at all flight speeds.

3.5 Center of Gravity Travel - The allowable center of gravity travel chould be
at least equal to that of comparable fixed wing aircraft. The c.g. travels of the
following aircraft were investigated: C-47B, Convair 340, Convair 440, C-123B, C-119B,
DC-6, C-69, C-121A, C-130, C-97, C-12LA, DC-8, and XC-99. It was found that the
average available travel is approximately 15 percent of the wing mean aerodyramic
chord. Therefore, it is recommended that the allowable c.g. travel of the light VTOL
transport aircraft be equivalent to 15 percent of the M.A.C. Such a center of gravity
travel should te available in hovering and low speed flight as well as in normal cruise

flight.

3.6 Cargo Compartment Configuration - The cabin size should be based upon ade-
quate accommodation of the desired payload in trceps as well as adequate space for
vehicles within the allowable payload. The cargo compartment cross section should
be rectangular in shape and free from obstructions. The recommended compartment size
for the payload capability of this aircraft is 6.5 feet high x 8 feet wide x 30 feet
long. An aft loading ramp is recommended to facilitate loading and unloading from
ground level, from truck bed height, and by fork lifts. Provisions should be made
for repidly loading and unloading large prepackaged cargo.

3.7 ©Safety Features and Procedures - The Army requirement of operation in 'the
nap of the earth" accentuates the need for consideration of safety features and pro-
cedures in the design of a VIOL aircraft. By following the recommended performance
and Tlying qualities specifications, the maneuverability and emergency performance
of the VIOL aircraft will be acceptable from the safety viewpoint. Contributions to
VIOL aircraft safety are associated with other features of which the following are

recomuended:

a. Meanc to inctantaneously balance 1ift and propulsiv. force asymmetry caused
by partial power failure

b. Landing gear with minimum of 35 degrees side turnover angle.
c. No rotating elements less than 8 feet above the ground.

d. Safe conversion capability at low altitude with one engine inoperative.
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L. DISCUSSION OF VTOL CONCEPTS

4,1 VTOL Aircraft Classes - The VIOL aircraft types may be divided into two
classes: helicopter type VTOL and airplane type VICL. In vertical and slow speed
flight, the first type uses accepted helicopter principles of 1lift generation and
of control. Lifting rotors with hinged blades, with collective and cyclic blade
pitch control, and with moderate rotor disc loadings up to about 10 pounds per
square foot give the helicopter type VITOL slow speed performance and handling char-
acteristics very similar to those of the pure helicopter. Roll and pitching velo-
cities are well damped because of the flzpping effects of hinged rotor blades.
Autorotation in case of power system failure is possible with moderate sinking
speeds and glide angles; collective and cyclic pitch flares from autorotational or
partial power descents allow vertical touchdown by utillzing the large rotational
energy stored in the lifting rotors and by utilizing the substantial ground effect
which increases the rotor lift in the order of 20 percent close to the ground without
requiring an increase in rotor power. In cruising flight of the helicopter type VIOL
aircraft where part or all of the aircraft weight is carried by a fixed wing, pro-
pulsion is obtained either by forward inclination of the 1lifting rotors up to 90° or
by separate means of propulsion such as additional propellers or jet propulsion.

While the helicopter type VTOL craft is basically & helicopter to which features
of the propeller or Jjet airplane are added, the airplane VIOL craft is basically a
propeller or jet airplane to which means of 1ift generation in vertical flight are
added. For vertical flight the propellers, fans, or Jets are rotated to the vertical
position - either with or without simultaneously rotating the wing - or the slip-
stream is deflected in such a way that its direction is essentially vertical. The
vertical 1lift devices used in the various types of airplane VTOL craft are charac-
terized by:

a. A much higher disc loading than used for helicopters.

b. A much higher power consumption per pound of vertical 1lift generation.
¢c. The absence of roll or pitch damping ir vertical flight.

4. The absence of autorotational capability.

e. The absence of lift augmentation in ground proximity.

f. The absence of a large source of rotational kinetic energy which could be
used for partial power or power-off flares.

In cruising flight the airplane VIOL types are mismatched in power available versus
pover required which results in very high optimum cruise altitudes or in very low
crulsing efficiencies because of the high SFC of the turbine engines associated with
operation at a low percentage of normal power unless the procedure of shutting down
and restarting engines in flight is used.

4.2 Aircraft Efficiency Parameters - The three parameters which establish the
econony and usefulness of an aircraft are its aerodynamic efficiency expressed as
the 1ift to drag ratio L/D, its structural efficiency expressed as the empty weight

1 to design gross weight ratio Kp, and its propulsive efficiency expressed as the
specific fuel consumption per thrust horsepower SFC/72 where 77 considers the sum
! of all power transmission losses, such as from gearing, from torque compensation,

1



—

— m—

LIGHT VTOL TRANSPORT AIRCRAFT STUDY I FEBRUARY 1 1960 @ REPORT 7064

and from propulsive devices. Assuming the use of modern turbine engines and of well-
designed power transmission systems, optimum values of SFC/?Z in the order of .75

can be expected for all VIOL types. The difference in the various types is then
limited to differences in the two parameters L/D and Kg. The structural efficiency
Kp depends very much on the definition of what establishes the design gross welght.
For the purpose of this study the definition is given by the TRECOM requirement of
hovering capability at design gross weight out of ground effect at 6000 feet 95°F.
Retaining this requirement and the assumption of SFC/72 = .75 constant for all types
of VIOL aircraft, there is a definite trend of reduced structural efficiency Kg

with improved aerodynamic efficiency L/D and vice versa. The pure helicopter at one
end of the spectrum has a good structural efficiency in the order of Kg = .60 but a
poor aerodynamic efficiency in the order of L/D = 5. Trying to improve the aerody-
namic efficiency of the helicopter, for example, by adding fixed wings and propellers
results in penalties in structural efficiency. Typical airplane VIOL craft at the
other end of the spectrum have a relatively good aerodynamic efficiency in the order
of I/D = 15 (the L/D ratio of the VIOL airplane suffers as compared to the pure air-
plane from the necessity of a small wing aspect ratio), but they have a poor struc-
tural efficiency in the order of .80. The obvious reason is that attempts to provide
hover capability in a pure alrplane require a large increment in installed power,
large propellers or turbo-faas, and additional means for hovering control. This can
only be achieved with a severe penalty in structural efficiency, that is, with a high
Kg number.

4.3 Optimum Aircraft Type - In selecting an aircraft type most suited to the
Army Light VTOL Transport requirement, the criterion of best economy of transport
performance is important. An aircraft will operate most economically if it can per-
form a certain transport mission with the lowest empty weight and with the highest
cargo flow per unit empty weight. In this study the payload is given as 4000 pounds.
The transport efficiency or productivity is defined by AOOO/WE x Vg vwhere Wy is the
empty weight in pounds and Vg the block speed assuming a 15-minute turn around time.
The dimension of the "productivity" or tramsport efficiency is usually given as ton
knots of cargo flow per ton of empty weight It was found that the fully unloaded
rotor helicopter with rotor jet drive is by far the most economic VTOL transport
for the mission specified by TRECOM (Reference 12.10). For the same mission, the
VTOL aircraft at either end of the spectrum, the pure helicopter and the VIOL air-
plane, require & much higher empty weight and they both preduce a much lower cargo
flow per unit empty weight. The next best VIOL type is the partially unloaded rotor
helicopter with rotor jet drive represented by the Fairey Rotodyne. The empty weight
of this type for the TRECOM mission; assuming 250 nautical miles radius of action,
would be about the same as that of the fully unloaded rotor helicopter; however, the
cargo flow would be less because of the lower cruising speed.

Another VTOL type studied is the fuily unloaded rotor helicopter with shaft
drive. Although the aerodynamic efficiency of this type is about the same as for Jet
drive, the lower structural efficiency - higher K number - results in a considerably
increased empty weight for the assumed mission and in a considerably reduced cargo
fiow per unit empty weight. The main reason for the superiority of the unloaded
rotor helicopter with rotor Jjet drive over the other VIOL types is that the additional
weight from fixed wing and propellers is partly compensated by weight savings when
substituting jet drive for shaft drive. This special advantage together with the
optimum location in the speed spectrum for any VTOL type i1s the reason for the
economic superiority of the XV-1 type over othér VIOL types.
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5. JUSTIFICATION OF COMPONENT SELECTION

5.1 Over-all Considerations - As discussed in the introduction, the McDonnell
Model 113 meets the design criteria laid down by TRECOM in Reference 12.1 contract.
The selection of the design parameters for Model 113 is based on several years of pre-
liminary design work and makes use of the flight test experience with the Army XV-1
research aircraft, of the ground test experience with the 50,000-pound thrust Navy
rotor, and of extensive wind tunnel tests with a complete scale model of Model 113.
For this reason the process of optimum design parameter selection was not repeated for
the TRECOM light VIOL aircraft study. Instead, a justification of the component
selection for Model 113 is given in this section.

The over-all configuration of the Model 113, while retaining the basic undloaded
rotor principle of the XV-1, reflects differences in mission requirements. It also
incorporates improvements resulting from experience gained during the XV-1 test pro-
grams and subsequent pressure jet development programs (Navy 75-foot rotor and
McDonnell Model 120 helicopter programs). The XV-1 reciprocating-pusher propeller
system is replaced in the Model 113 by multiple gas turbine-tractor propeller systems;
the skid gear is replaced by a retractable tricycle gear; the twin boom empennage
support with abrupt afterbody contraction is replaced by a conventional fuselage and
empennage. These modifications have resulted in major gains in structural and aero-
dynamic efficiency. To illustrate, the maximum L/D for the XV-1 configuration was
approximately 6.6 while scale model wind tunnel test of the Model 113 configuration
demonstrated 9.0 for the maximum L/D value (see Reference 12.11). This gain is ob-
tained by reducing the parasite drag area and the local interference drag in the

pylon-fuselage-wing Jjunctions through configuration selection without compromise of
flying qualities.

In addition to performance and flying qualities aspects the Model 113 aircraft
configuration selected to fulfill the Army light VIOL transport requirements reflects
consideration of minimum silhouette, "nap of the earth" operation, and tripartite
Service application. The aircraft is capable of complete operation from CVS and LPH

aircraft carriers when power folding of rotor blades and wing outer panels is incor-
porated (see Figure 5.2).

In the following paragraphs, the Model 113 components are discussed and the bases
for selection presented. References 12.L and 12.12 provide information in support of
the selections made as well as detailed descriptions of the components. Figure 5.1
presents the general arrangement of Model 113P

5.2 Rotor

5.2.1 Rotor System - Almost all of the significant characteristics of the un-
loaded rotor compound helicopter depend upon the rotor system. It must provide the
lift, propulsive force, and basic fiying qualities in helicopter flight; yet it must
not adversely affect the flying qualities in airplane flight.

Through the combined support of the Army, Navy, Air Force, and McDonnell Aircraft
Corporation, it has been possible to maintain a high level of theoretical and experi-
mental effort for developing a rotor system to fulfill these requirements. Flight
tests of the XV-1 end whirl tests of the Navy 75-foot rotor during this time provided
full scale experimental verification of the attainment of the desired rcotor charac-
teristics. The resulting McDonnell rotor system incorporated in the Model 113 permits
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flight at speeds nearly twice those possible with conventional rotor systems on current
operational rotary wing aircraft, and at the same time shows outstarding attributes
with respect to vibration, flying qualities, and maintenance.

The McDonnell rotor incorporates three blades of high inplane stiffness attached

to the hub by two bundles of thin retention

straps, as shown schematically in Figure

5.2. OSpherical coning hinges permit the blades to flep and pitch with respect to the
hub. The Lub is gimbal mounted to the rotor support cone. Cyclic and collective con-
trol are obtained through a control stem as shown schematicaliy in Figure 5.4%. The
pitch control link is oriented such that flapping motion of a blade resulting from
motion of the hub @bout its gimbal produces little pitch change. Flapping of the blade
with respect to the hub is accompanied by a large pitch change because of the large

pitch-cone ratio, tan

In helicopter flight the hub is free to float about the

gimbal axes, and motion Of the blade about the offset hinge is primarily a ccning

motion due to 1lift. In airplane flight the
where the hub is locked to the control stem

collective pitch is reduced to the position
(see Figure 5.4). Both flapping and

coning motions are required from rotation about the offset hinge in this condition.

For further details, see Figure 7.5

The improved flying qualities of the McDonnell rotor system are reflected mainly
in increased lateral and longitudinal stability and reduced gust response. TFigure 5.5
shows that the damping obtained experimentally on a model and the XV-1 rotor is two
to three times that of a conventional rotor, theoretically equsl to 16/JY2 . In ad-
dition, the rotor exhibits a stable aircraft pitching moment with changes in angle

of attack. With the McDonnell rotor system
helicopter are both inherently stable about
use of stabilizing bars or other devices to
reason for the reduced response to gusts is
from the pitch-cone feature of the rotor as

the XV-1 and the McDonnell Model '120

all axes in helicopter flight without the
artificially introduce damping. The

the reduced lift-curve slope resulting
shown in Figure 5.6. Accompanying this

1ift reduction is a reduction in flapping response in the locked hub configuration
which eliminates dangerously high flapping angles due to gus®ts in high speed airplane

flight.

There are several dymamics improvements accrued in this rotor system. The

combination of high blade inplane stiffness

and the axially stiff retention straps

ellows the inplane frequency to be kept sufficiently high to preclude mechanical
instability, thus eliminating the need for lag dampers. The high inplane frequency
coupled with the hub locking feature and pitch-cone ratio permits the rotor to be
started and stopped in high winds without excessive loads or flapping angles. Also
attributed to the stiff inplane blades and pitch-cone coupling are low vibration
level in the aircraft in helicopter flight and the elimination of frequent retrack-
ing and rebalancing of the rotor, a characteristic proven in the XV-1 and Model 120
operations. The high speed capability of the rotor is permissible dynamically
because of the high torsional stiffness embodied in the rotor design.

Maintenance of this rotor system is substantially reduced compared to that of

conventional rotor systems

In cruising flight the rotor rotates at half of the

hovering rpm reducing the effects of wear and fatigue on oscillating and rotating
parts. The strap retention system avoids all bearings under centrifugal losad.
There are no dampers, stabilizing bars, or other devices on the blade. All oscil-
lating bearings are manufactured with Teflon bearing surfaces for long life and
require no lubrication. Operation of two different full scale rotors and life
cycle laboratory tests have justified the selection of these bearings.
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The detailed geometry of the rotor is determined from a combination of aerodynamic,
propulsion, dynamic, structural, and weipht considerations. The choice of rotor
solidity, tip speed, airfoil section, and blade twist is discussed in the next two
paragraphs. Other aspects of the design are discussed in Section 7.

5.2.2 Solidity - The effect of solidity, tip speed, and rotor diameter on the
hovering performance of the aircraft configuration selected was investigated in
Reference 12.4. For a constant aerodynamic blade loading and tip jet thrust, the
useful load and useful loaed to design gross weight ratio were determined as a function
of rotor diameter for values of solidity tetween .08 and .10 and for tip speeds be-
tween 650 and 750 fest per second. The results of this study indicated the following
trends:

a. The useful load has a relatively flat optimum as a function of rotor radius.
b. The greater the golidity, the lover the optimum rotor diameter.
@ The lower the diameter, the higher the tip speed.

d. The lower the rotor diameter, the higher the useful load ratio and disc
loading

Inasmich as no great performance advantage was shown for any combination of the main
rotor variables, the selection of solidity, tip speed, and rotor diameter was Jjusti-
fied on the basis of other criteria

Two factors which are influenced by solidity, or more particularly by solidity |
per blade, are the propulsive efficiency and rotor dynamic characteristics. The
pressure loss from flow through the blade will reduce with increased solidity per
blade. For similar cross-secticnal geometry. the nondimensional rotor blade vibra-
tion frequencies will increase almost linearly with solidity per blade, gz, while
the torsional divergzance zpeed which contrcls the forward speed flutter limit in- [
creases at least with the sguare root of g7 Although there are other means to
adjust the vibration fregquencies and torsicnal stiffness in a detailed design, the
initial choice of blade =olidity is most important. From experience on the XV-1,
the Navy 75-foot rctor, and Model 113P blade designs, the desired dynamic character-
istics for the unloaded rotor compound helicopter can be obtained most easily using |
a gp of .03 (total solidity of .09) and a 15 percent thick airfoil section. The use
of a gubstantially lower solidity leads to difficulty in maintaining the inplane
frequency high enough to prevent mechanical instability; the use of higher solidity
leads to difficulty in maintaining sufficient control system stiffness.

5.2.3 Aerodynamic Blade Loading, Tip Speed, Blade Section and Blade Twist -
In order to szelect the other blade factors. it is first necessary to establish the
rotor aerodynamic blade loading. Thbe blade loading, CT/G', is by definition:

Ky W
Cr/o eTRE (QFR)2 -
where
W = Gross Weight
Ky = Hovering Downwash Factor (1.06 for Model 113P)

12
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X 3] A
e = Density
TTR2 = Rotor Disc Area
fLR = Rotor Tip Speed
T = Rotor Selidity
CT = Rotor Thrust Coefficient

A maximum permissible rotor aerodynamic blade loading must be established; first,
to assure acceptable hovering (VTOL) control characteristics and second, to avoid
premature blade stall in forward flight. For pure helicopters the CTﬁj' values dic-
tated by these considerations are approximately equal: For the unloaded rotor com-
pound helicopter, forward flight-velocity alleviates the rotor thrust load through
reduction or elimination of the hovering downwash load and through development of
fixed wing 1lift. Thus, the hovering control problem determines the maximum allowable
blade loading for VIOL operation. Under conditions of marginal power and too high a
blade loading, hovering control difficulties are created by rotor blade stall induced
by cyclic pitch variation. Blade angles of attack higher than the steady state values
can be obtained during rapid control displacements where the rotor induced velocity
lags the change in blade pitch. Helicopters with lovw rotor demping require continuous
cyclic control during hovering flight thereby accentuating the hovering stall problem.
For these aircraft a lover level of blade loading must be maintained than that per-
mitted for rotors with increased damping characteristics as exhibited by the stabi-
lizer bar rotor and by the McDonnell pitch-cone rotor. Based on full scale tests and
analyses, a limiting aerodynamic blade loading of .1l is selected for the Model 113
compound helicopter. This limit combined with the selection of rotor geometry, rotor
tip speed, and density establishes the maximum aerodynamic VTOL capability of the
aircraft.

The rotor blade tip speed should be as high as compressibility considerations
permit. Figure 5.7 summarizes NASA whirlstand experimental data showing the effect
of airfoil section and blade twist on the ratio of test to incompressible values of
profile torques. Minimum profile torque ratios at the design aerodynamic blade load-
ing can be obtained at the highest tip speeds (700-750 fps) from the NASA 6 series
airfoils. The effect of negative twist is seen to be favorable from the comparison
at zero and minus 8 degrees. Additional gains in hovering tip speed could be derived
by the use of higher twist; however, in autorotation in airplsne flight the effect
of twist is reversed. As a compromise the blade twist of minus 8 degrees has been
chosen for the Model 113. A 63A5(1.5)15 blade section has been selected which per-
mits, according to Figure 5.6, the use of tip speeds up to 750 fps at CI/O’ = .11
without noticeable compressibility losses. 1In order to account for a possible in-
crease in local Mach number from the tip burner influence, 735 fps has been chosen
for the Model 113 design

5.3 Propulsion

5.3.1 Rotor Drive System - Of the many methods of rotor drive adaptable to the
compound helicopter, the pressure Jjet system and the gear driven system by current
design practices appear to be the most competitive The pressure Jjet system has
the advantages of reduced weight and maintenance; the gear driven system the advan-
tages of reduced noise and specific fuel consumption. For the short periods of
rotor powered flight envisioned for transport aircraft, the benefits of the reduced
empty weight-design gross weight ratio (Kg) far exceed the penalty of increased
fuel consumption.

13
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An increased Kg factor for a gear driven system arises from the shafting, gear
boxes, and increased tail rotor and installed power requirements. Considering in-
stalled power requirements, pressure jet system analyses of Model 113 show the ratio
of maximum tip jet thrust to installed power to be .85. Assuming a rotor tip speed
of 735 feet per second,

Maximum Rotor Shaft Power —_ .85 x 735 _ 4 )5
Military Fower Plent Rating 550 oo

On the other hand, the gear driven rotor shaft power is less than the installed power
by the sum of the gear, cooling, inlet, and torque compensation losses:

Maximum Rotor Shaft Power . .
Military Power Plant Rating ~ -80  (hovering flight)

To obtain equal hovering rotor shait horsepower, the gear driven-pressure jet in-
stalled power ratio is 1.13/.80 or 1.41. Weight analyses show a 7.5 percent gross
weight incremental difference in the K factor for the two systems.

The pressure jet system is recommended for the rotor drive system of the unloaded

rotor compound helicopter capable of fulfilling the Army light VIOL tramsport require-
ments because:

a. The aircraft empty weight-design gross weight ratio is reduced which permits
a smaller aircraft size and weight to achieve a given payload-radius capa-
bility; thus, reduced developmental and maintenance costs are incurred.

b. The growth potential of such systems appears greater than that of existing
competitive systems. Disadvantages of the pressure jet system (noise,
halo) are subject to improvement through further, active development.

5.3.2 Primary Power Plant - Of the gas turbine power plants available in the
1960-63 time period, only the free turbine, turboshaft versions are considered ap-
propriate to the integrated design of the pressure jet unloaded rotor helicopter.

The free turbine feature provides superior characteristics with regard to pressure
jet system matching and with regard to utilization of a simple, fixed pitch propeller
for cruise flight. Included in the free turbine engine spectrum are the T58-GE-8,
T64-GE-2, T53-L-2, and T55-L-T7 power plants.

Insofar as is possible, power plant installations are restricted to wing loca-
tions. Engine nacelles on wings are advantageous because:

a. Power plants are removed from critical fuselage areas.

b. Such locations provide direct propeller drive.

c. Nacelles may be combined with hcusing for retractable landing gears.

d. Maintenance and inspection of power plants are facilitated.

Three power plant installations are recommended in this Army light VIOL trans-
port study: (4) T58-GE-8, (3) T55-L-7, and (2) T64-GE-2 (see Sections 7 and 8).

Generally, performance capabilities and maintenance reliability are increased with
the improved specific fuel consumption and reduced engine number of the T55 and TEW

14
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power plants but safety reliability is reduced by use of fewer engines. The prefer-

ence of installation depends upon the relative degree of importance attached to these
characteristics. The presentation of data for all three permits the selection of the
one most comparable to the characteristics of other competitive VTOL types.

5.3.3 Propeller Type - Propeller type, i.e., fixed pitch or varisble pitch, for
use with free turbine engine insvallations is selected on the basis of complexity,
maintenance, and performance characteristics. Since directional control for hovering
and low speed flight is obtained by a relatively small tail rotor (see Paragreph 5.5.1),
no requirement exists for propeller operation during helicopter flight; thus take-off
and low speed operating conditions are not propeller design requirements and the
design may be based on climb, cruise, and maximum speed.

Fixed pitch propellers offer reduced weight, maintenance, and complexity, and
thus reduced operational costs. Combined with free turbine engine installations,
this type provides a range of rpm that is compatible with the flight velocity enve-
lope of the unloaded rotor helicopter. For cruise and high speed flight, either a
fixed pitch propeller designed for high speed or a variable pitch propeller gives
comparable propulsive efficiencies; little aerodynamic advantage of one installation
over the other is obtained. For airplane climb flight, the variable pitch propeller
installation offers about a 6 percent thrust horsepower advantage through the com-
bined effect of increased engine efficiency at the relatively high and constant speed,
and a small increase in propeller efficiency In autogyro flight at low flight
velocities, the variable pitch propeller shows greater benefits in thrust horsepower.
Comparisons of fixed pitch and varisble pitch propeller characteristics during climb
and cruise flight are discussed in Refercnce 12.2 l

The fixed pitch propeller is selected for use on the unloaded rotor compound
helicopter because: I

a. It is 40 percent lighter in weight.

b. It is simple and almost maintenance free.

c. Teke-~off and low speed propeller flight is not required.
d. There is little loss in climb performance

e. Efficiency is equal to that of the variable pitch propeller at cruise and
higher speeds.

5.4 Bnpennage - The empennage size and configuration of the compound helicopter
are established primarily by the selection of location, whether under or aft of the
rotor disc. For the "under rotor" location, the rotor and ground clearance require-
ments reduce the area moment arm and fin aspect ratio of the empennage. This leads
to increased area requirements generally obtained through surface folding and multi-
fin arrangements that add to the empennage vibration and dynamics problem. The "aft
of rotor' location more than doubles the moment arm and eliminates clearance re-
strictions on empennage size, permitting the use of conventional inverted tee-tail
arrangements. The advantages of the "aft of rotor" empennage location are:

a. Area requirements to obtain inherent stability are reduced.

b. ZEmpennage contributions to aircraft angular velocity damping are increased.
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c. Longitudinal end directional surface control powers are increased.

d. Empennage contributions to hovering download and undesirable disturbances
from the rotor inflow velocity are reduced.

e. Aft fuselage may pe fa'red to reduce drag in forward flight.

The "aft of rotor" empennage structural support may consist of a twin boom ar-
rangement as used on the XV-1 or a single boom extension of the fuselage. The fuse-
lage extension approach is recommended in that this arrangement removes any abrupt
contraction of the fuselage from the critical pylon-wing intersection, reducing the
interference drag, and relieves a difficult dymamic and vibration problem of a twin
boom.

In forward flight the rotor downwash flow at the empennage location creates
special problems in horizontal stabilizer design. If a fixed area is used, an un-
stable speed stability contribution results. To avoid this instability, a free
floating stabilizer similar to that used successfully on the XV-1 convertiplane is
provided. This vee-tab controlled stabilizer proved to be very satisfactory in all
phases of flight with the exception of low speed helicopter trensition, zero to 40
knots. The stick reversal which existed in this flight regime can be alleviated by
further development of the tail system.

Since the advantages of the "aft of rotor" empennage location far outweigh the
advantages of the short coupled, unrder rotor location, the aft location was chosen '
for the Model 113. Section 7.3.3 presents detailed descriptions of the complete |
empennage system, including control systems. Reference 12.11 shows the inherent
static stability about all axes. l

5.5 Control - The unloaded rotor compound helicopter permits the use of devel- !
oped and accepted means of control for both the helicopter and the airplane flight
regimes without excessive penalty in weight or complexity. Primarily, control may i
be accomplished by helicopter type systems in low speed flight and airplane systems

Aot

in cruise and high speed flight without complicated mixing mechanisms. A discussion
and justification of Model 113 control systems appear in the following paragre .

5.5.1 Directional Control - The pressure Jjet rotor drive eliminates the re-
quirement for anti-torgue compensation typical of gear driven helicopters. However,
the requirements for directional control in vertical as well as in forward flight
remain. Hovering and low speed flight directional control may be provided by dif-
ferential propeller pitch or by use of a small tall rotor aft of the empennage. In
addition to the arguments cited in Paragraph 5.3.3 against using variable pitch
propellers, the followirg reasons agaiunst providing directional control by differ-
ential propeller pitch are presented:

a. While propellers not used for directional control can be stopped in low
speed flight and during landing and take-off, the use of differential
propeller pitch for control purposes prevents the stopping of the pro-
pellers and thus presents hazards to embarking and disembarking personnel
and to grocund personnel.

b. Turning propellers while landing in unprepared terrain are liable to be
damaged or destroyed from contact with underbrush, etc.
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¢c. The power losses involved in directional control by differential pitch are
very high; 6 to 8 percent of total engine power is consumed in flat pitch
without control operation, and about 1k percent of total engine power is
consumed when applying directional control.

d. The propeller control system for differential pitch control is more com-
plicated than that for conventicnal variable pitch propellers.

Because of the great disadvantages of differential propeller pitch control, the
selected solution for low speed directional control of Model 113 is a small tail
rotor aft of the empennage and located out of reach of ground persormnel. The tail
rotor solution permits the use of fixed pitch propellers which can be stopped in
helicopter flight and which do not present the hazards previously mentioned. The
power loss from directional tail rotor control is only 2 percent of engine power
(no anti-torque requirements) for fully deflected directional control and much less
for neutral control pcsition. As flight velocity increases, the tail rotor output
is augmented by a rudder system which takes over complete directional control in
cruising flight.

5.5.2 lateral and Longitudinal Control - In slow speed helicopter type flight
lateral and longitudinal control of Model 113 is obtained through cyclic pitch
variation. As discussed in Paragraph 5.2, the McDonnell rotor system provides two
to three times as much demping in roll and pitch as conventional rotor types. To-
gether with the reduction in rotor 1lift slope with angle of attack this feature ex-
plains the good hovering and slow speed flight stebility of the McDonnell XV-1 and
the Model 120 and the unusual insensitivity to gust disturbances.

As forward flight velocity increases, the damping contributions of wing and
empennage become greater while rotor 1lift and, therefore, rotor control power, is
reduced through unloading of the rotor. Roll and pitch control in Model 113 is,
therefore, augmented by surface controls which take over completely in the final
cruising flight condition when the rotor is fully unloaded. In cruising flight the
contribution of the rotor to the flight characteristics is very small and does not
adversely affect the handling qualities (see Reference 12.3). A description of the
Model 113 control system 1s presented in Section 7.

5.6 Fuselage - As required in the statement of work, two specific cabin sizes,
6.5 feet x 6 feet x 24 feet and 6.5 feet x 8 feet x 30 feet, are investigated. For
the 30,000-pound aircraft class, weight analysis shows that the smaller fuselage
size saves approximately 300 pounds, 1 percent of design gross weight. Factors

other than weight are affected by fuselage size; one is the aircraft lift-drag ratig,

another is payload restrictions imposed by cargo space limitations. Figure 5.8
presents the percent change in aircraft L/D versus aircraft design gross welght for
assumptions of constant volume and constant payload density, the larger cabin size
noted above being established as the base at 30,000 pounds gross weight. Since
radius of operation is a linear function of aircraft L/D, the effect of fuselage
size on radius is obvious. Table 5.1 presents the effect of cabin size on trans-
port capability - cargo density, trocp and litter capacity, and wuit floor load-
ing - for assumed payload capebilities of a 30,000-pound class unloaded rotor
compound helicopter. Minimum cargo density for the smaller cabin is 60 percent
higher than for the larger cabin, indicating a possibility of space restriction on
payload. The larger cabin is shown to provide greater utilization of the aircraft
payload potential for personnel and ambuiance missions. Furthermore, military
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vehicles in the weight class dictated by the payload capability are predominantly
of a size that requires the larger cabin size.

In addition to fuselage cabin size studies, fuselage loading aspects Were in-
vestigated including both front and rear ramp loading. For forward ramp loading,
an uncbstructed entrance would require the cockpit to be raised which in turn would
raise the rotor and increase the over-all height of the aircraft, sacrificing sil-
houette and possible Navy application. For rear ramp loading, the rotor height also
limits the loading clearance height but the effect is less severe. By alighting iZear
extension or retraction, adequate clearance between the ground and aft fuselage is
provided. Either truck or forklift loading or unloadirg is possible, as well as pre-
packaged cargo (see Figure 5.9).

As a result of these studies, the larger of the fuselage cabin sizes (6.5 x 8
x 30) with & rear ramp loading arrangement is recommended for the Model 113 compcund
helicopter.

5.7 Fixed Wing - In the unlcaded rotor concept the aircraft total 1ift is
divided between the rotor and the fixed wing; the rotor supplying the total 1lift in
hovering, the fixed wing supplying the major portion of 1lif't in cruise and high
speed flight with the rotor autorotating at approximately half speed. The main
effects of transferring the lift from the rotor to the wing are:

a. Removal of blade stall and vibration limitations of forward speed.
b. TImprovement of aircraft aerodynamic efficiency (I/D).
ek ttainment of airplane flying qualities in cruising flight.

Wing aspect ratic and area have an effect on hovering dowvnload, the aircraft
lift-drag ratio, cruise lift coefficient, wing stall characteristics, and component
weight. Previous studies (References 12.4 and 12.12) and XV-1 flight experience
have shown that the optimum compromise is attained by selecting wing areas of ap-
proximately 13.5 percent of rotor disc area and wing aspect ratio approaching 7.0
with wing tip fold provisions to reduce hovering download. Wind tunnel tests of the
Model 113 (Reference 12.11). demonstrated that wing alrfoil camber and wing eerodynamic
center locations aft of the aircraft center of gravity are beneficial with respect
to maximum 1ift coefficient, wing stall characteristics, and static stability. The
wing geometry is shown in Figure 5.1

5.8 Landing Gear - A conventional, retractable tricycle landing gear is selected
for the basic configuration. Dual wheels and tires providing a unit construction
index (UCI) of less than 20 engbles the aircraft to teke off and land vertically from
the majority of unprepared terrain. Floats or skis for specific operations from water
or soft snow can readily be provided; the drag and weight penalties do not Justify
permanent installation of such special gear.
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SCHEMATIC OF ROTOR HUB AND CONTROLS
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MODEL113 VTOL TRANSPORT
ROTOR DAMPING IN ROLL AND PITCH

MODEL AND FULL SCALE ROTOR TESTS
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ROTOR LIFT CURVE SLOPE VS. ADVANCE RATIO
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UNLOADED ROTOR COMPOUND HELICOPTER AIRCRAFT
EFFECT OF FUSELAGE SIZEON LIFT/DRAG RATIO
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FIGURE 5.3
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6. AIRCRAFT SPECTRUM ANALYSIS

6.1 General Approach - A payload-radius spectrum amalysis of the jet driven
unloaded rotor compound helicopter is presented which permits preliminary selection
of aircraft size or gross weight for specific payload-radius requirements. The
spectrum presented is determined by use of a Breguet cruise approach, an estimated
useful load ratio as a function of aircraft gross weight, and generalized T58-GE-8
gas turbine characteristics as discussed in succeeding sections. The Breguet cruise
approach permits the estimation of the zero payload-radius of operation, while the
useful load ratio gives the zero radius-payload capability. Fuel system weight for
radii of 250 nautical miles or less is assumed to be constant. For the basic spectrum
analysis, no variation in aircraft aerodynamic efficiency (L/D) or propulsion system
efficiency (72/SFC or SFC/’Z) with aircraft size is considered. ©Small increases in
L/D ratio with aircraft size occur through reduced fuselage frontal area-wing area
ratios, but these are secondary effects. No variation in propulsion efficiency exists
since generalized engines of specified characteristics are assumed. Alternate gen-
eralized power plant characteristics corresponding to the T55-L-7 and T6k-GE-2 engines
are included in the study and show increases in radius capzbility of all aircraft.
Charts are provided to show the effect of deviations from the aerodynamic, propulsive,
and structural efficiencies assumed for the basic spectrum analysis.

All aircraft are geometrically scaled to maintain constant disc loading and
pover loading, the Model 113P serving as a base for scaling purposes. The generalized
T58-GE-8 engines require 11 percent power augmentation to meet the Army 6000 feet 95°F
normal gross weight hovering criterion; the generalized TS55-L-7 engines require no
augmentation; and the generalized T6L-GE-2 engines reguire 5 percent power augmenta-
tion. The aircraft performance levels including VIOL take-off capability, maximum
speed, engine out capability, etc., are approximately maintained independent of air-
craft size.

In all cases the aircraft normal gross weight, assumed variation 15 to 60 thousand
pounds, is determined by the Army requirement of hover out of ground effect at 6000
feet 95°F. The VTOL overload weight to normal gross weight ratios at various altitude-
temperature combinations for the Mcodel 113P with T58-GE-8 engines are as follows:

Hovering or Gross Weight Powver
VTOL Atmosphere Ratio Augmentation
6000 feet, 95°F 1.00 11 percent
6000 feet, Stanaard 1.12 none
3000 feet, 100°F 1.00 none
Sea Level, 103°F 1.20 11 percent
Sea level, 103°F 1.10 none
Sea Level, S59Y°F 1.33 none

The respective overload ratios for the two alternate power plantis are given in Para-
graph 6.L.2. As indicated by this table, the requirement of hover capability at 3000
feet 100°F in lieu of 6000 feet 95 °F eliminates the nced for power augmentation, a
result of the combined improvement in gas turbine power available and in rotor thrust-
tip jet thrust ratio through decreased aerodynamic blade loading.

6.2 Useful Load Ratio -~ The unloaded rotor compound helicopter useful load ratio
as a function of 'aircraft size or gross weight and fuselage cargo volume has been
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determined based upon Model 113 design experience. Aircraft disc loading, power
loading, wing-disc area ratio, and empennage-wing area ratios are held constant with
increase in aircraft size. Power plants are generslized gas turbines based upon the
T58-GE-8 characteristics. Two fuselage cargo volume assumptions are considered:
first, a constant volume and cross section (8 feet by 6.5 feet by 30 feet); and
second, a varying volume to maintain a constant cargo density of approximately L
pounds per cubic foot for normal gross weight payload.

Figure 6.1 presents the results of the detail weights analysis for a normal
gross weight variation of 15 to 60 thousand pounds. The useful load ratio is shown
to be relatively insensitive to aircraft size for the weight range considered. At
the 60,000-pound normel gross weight level, the constant fuselage volume assumption
shows a 3.5 percent advantage in useful load ratio as compared to the constant cargo
density assumption. This advantage represents approximately a 10 percent gain in
useful load, illustrating that the aircraft fuselage, independent of any aerodynamic
consideration, should be as small as is practical. Bulky items, such as trucks,
missiles, etc., and the overload capability of the aircraft must be considered in the
determination of a practical fuselage cabin volume.

Curve 3 of Figure 6.1 is selected as the curve of the useful load ratio as a
function of normal gross weight to be used in the aircraft spectrum analysis.

6.3 Breguet Cruise Approach - Aircraft range characteristics are often deter-
mined for the assumption of cruise at constant angle of attack; i.e., by the Breguet
equation:

Range = 325 (1/D) (WM/sFc) loge Wo/Wy

where
1/D = Adrcraft Lift-Drag Ratio
n = Over-all Propulsive Efficiency
SFC = Power Plant Specific Fuel Consumption
Wo = Aircraft Weight at Start of Cruise
Wi = Adircraft Weight Less Cruise Fuel

For maximm range, an aircraft design must achieve maximum lift-drag ratio,
maximun propulsive efficiency, and maximum useful load-gross weight ratio at minimum
power plant specific fuel consumption. The attainment of meximum aircraft 1ifi-drag
ratio involves the use of minimum parasite area, thus retractable landing gear and
minimum cross-sectional areas compatible with payload requirements, and minimm in-
duced losses cobtained by high aspect ratio and elliptical inflow distributions. For
unloaded rotor compound helicopter flight velocities, maximum propulsive efficiencies
are characteristic of propeller rather than turbojet systems. ILightweight turboprop
engine development has provided a means for drastically increasing the useful load-
gross weight ratio of an aircraft at a small penalty in specific fuel conswmption.
The degree of improvement plus the potential gas turbine development is such that
reciprocating engines are practically noncompetitive except for an extireme range
application. Only turboprop power plants are considered in the ensuing analysis.

For the spectrum analysis presented, an adaptation of the Breguet equation is
used; the adaptation consisting of the changes necessary to obtain radius rather
than range. This involves estimating fuel requirements for the take-off, climb,
etc.; estimating the weight at the start and end of cruise both on the outbound and
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inbound leg of the radius mission; and then perferming an iteration process to eguate
the outbound and inbound distances. Cruise flight is assumed to be established by
operation at maximum aircraft L/D, thus constant C;, and 90 percent normal rated
power; thus two equations involving density and velocity may be written:

¢, = 295 % _

s o Ve
(THP) = v L and (THP) ~ f (7,7, V) for 90% NRP
Reg. 325.5 (L/D)Ma_x Avail. ~ LR
where
L = Aircraft Total Lift or Gross Weight, W
S = Reference Area
a = Density Ratio, €/ ,
THP = Thrust Horsepower at 90 percent NRP (SHP x 7 )
v = Cruise Velocity (knots)
Knowing

aircraft gross weight or wing loading, power plant altitude and velocity
(ram effect) characteristics, and over-all propulsive efficiency, the unique altitude-
velocity combination for 90 percent power and cruise at maximum lift-drag ratio is
defined. Therefore, the (%/SFC) (L/D)pay product for assumed wing loadings may be
determined and the radius iteration of the Breguet equation completed.

SHP LV WV

(1/p) (n/src) = ST p 1 _

SHP x SFC 325.5 THP 325.5 x Fuel Flow/Hour

where

’np = Propeller Efficiency
M3 = Installation Efficiency (includes inlet, gear box, etc., losses)
SHP = Engine Shaft Horsepower
SFC = Specific Fuel Consumption, pounds fuel/SHP-hour
The (L/D)

max used in the spectrum analysis is 9.0; a value substentlated by
wind tumnel test of the unloaded rotor compound helicopter configuration proposed.
Figure 6.2 presents the power plant and (L/D) (M/SFC) characteristics as a function
of altitude that were used in the basic aircraft spectrum analysis. The transport
mission assumed for all spectrum aircraft is as follows:

Time Mission Breakdown Remarks

2 Minutes Warm-up, Cockpit Check Normal Rated Power

1 Minute Take-off, Conversion Maximum Rotor Power
Climb to Initial Cruise Altitude Military Rated Power
Cruise Out at Cconstant Cp, 90% NRP
Descend, Land, Unload 1/2 Payload No Distance Credit
Repeat Sequence for Return Trip
Reserve Fuel 10% Initial T.0. Fuel
Service Allowance (Ref. 12.5) 5% SFC Increase
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All missions are performed for sea level take-off and a NASA standard atmosphere.
A constant weight of 940 pounds is assumed for three crew members, oil, trapped fuel
and oil, and cargo tie-down straps. Fuel system weight for fuel in excess of design
capacity is estimated at .4 pound per gallon of added fuel.

Deviations in aerodynamic efficiency (L/D), propulsive efficiency (?7/SFC), or
useful load ratio from the values assumed in the basic spectrum analysis will alter
the estimated payload-radius capabilities. Aircraft (L/D)max deviations mey result
from fuselage size assumption or, more important, from the basis of estimation,
whether estimated from wind tunnel test or theoretical analysis. Propulsive effi-
ciency deviations arise from use of power plant characteristics other thar the
T58-GE-8 characteristics assumed. The paylcad-range capability with alternate power
plant characteristics is shown in Paragraph 6.4.2. Figure 6.3 is presented to show
the radius variation for an assumed variation in useful load ratio. The zero radius
payload may be estimated directly for any alternate useful lcad ratio. Thus, the

revised payload-radius characteristics, for an assumed deviation in useful load ratio
can be estimated by use of Figure 6.3.

6.4 Results

6.4.1 Aircraft with T58-GE-8 Power Plant Characteristics - The results of the
unloaded rotor compound helicopter spectrim analysis are presented as payload-radius
charts for constant gross weight levels determined by VTOL capability at assumed
altitude-temperature combinations, Figures 6.4 to 6.8 inclusive. Figure 6.4 presents
data for the normal gross weight design condition; namely, for take-off weights deter-
mined by the ability to hover out of ground effect at 6000 feet 95°F° The combined
requirements of hover OGE at 6000 feet 95°F, L0OO-pound outbound payload, and a 500-
nautical mile radius of operation camnot be met by an unloaded rotor compound heli-
copter powered by gas turbines with T58-GE-8 characteristics. The maximum radius of
operation for the combined hover-payload requirement is approximately 375 nautical
miles (normal gross weight of 60,000 pounds). Use of an alternate power plant with
decreased specific fuel consumption and/or increased power permitting cruise at higher
altitude would increase the msximum radius of operation (see discussion, Section 6.4.2).
For a 2-ton payload requirement little radius benefit accrues by exceeding the 45,000-
pound normal gross weight aircraft class. However, at reduced radius of operation,
increases in payload are associated with the larger aircraft.

It is seen from Figure 6.4 that the zero payload radii for 30,000, 45,000, and
60,000 pounds gross weight are approximately the same. For constant useful load
ratios and for constant crew and miscellaneous weight ratios the zero payload radius
would be independent of aircraft size since lift-drag ratio and propulsive efficiencies
have been assumed constant. The actual reduction in zero payload radius with reduction
in gross weight is explained by the lower useful load ratios from constant fuselage
size (see Figure 6.1) in combination with the assumption of a constant 940 pounds
for crew and fixed miscellaneous weight. Figures 6.5 to 6.3 show the payload-radius
capability of the unloaded rotor compound helicopter for altitude-temperature com-
binations other than the design combination of 6000 feet 95°F. The four curves on
each chart represent the four normal gross weights of 15,000, 30,000, 45,000 and
60,000 pounds. Table 6.1 presents the approximate radius capabili%ies of a 2-ton
payload unloaded rotor compound helicopter of approximately 45,000 pounds normal
gross weight. Table 6.2 presents the approximate payload capability for a 250-
nautical mile radius of operation as a function of VIOL take-off condition and ref-
erence aircraft normal gross weights determined by hover OGE at 6000 feet 95°F.
Data for alternate power plant characteristics are shown in Table 6.2 to illustrate
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their effect on the payload radius capabilities as discussed in more detail in the
Tollowing section.

6.4.2 pdircraft with Alternate Power Plant Characteristics - The free turbine
turboshaft power plant considered for the 1960-63 time period are the T58-GE-8,
the T55-L-7, and the T64-GE-2; the free turbine feature is necessary for the fixed
pitch propeller configuration selected as most desirous for the unloaded rotor
compound helicopter. As shown by Tables 6.1 and 6.2, increases in payload and/or
radius of operation cccur through the use of generalized T55-L-7 and T64-GE-2 power
plant characteristics as compared to the T58-GE-8 characteristics. These benefits
arise through changes in power plant specific fuel consumptions as well as through
increased power ratings that permit higher altitude (lower SFC) cruise conditions.
The specific weight and SFC characteristics are summarized by the following:

Power Plant T58-GE-8 755-L-T T64-GE-2

Specific Weight, 1lbs/MIL SHP .220 .297 268
{without Gear Box)

Relative SFC @ 90% NRP 1.0 .91 .82

(at Constant Altitude)

The increased power of the T55-L-7 and T64-GE-2 power plant installations, besides
improving cruise SFC through higher altitude operation, alters the degree of power
augmentation required to meet the 6000-foot 958F hover criterion; 5 percent required
for the T64-GE-2 installation, no sugmentation required for the T55-L-7 installation.
As a result, the VIOL weight ratios for the other altitude-temperature combinations
differ from those used in the TS8-GE-8 spectrum analysis:

VTOL Atmosphere Ratio of W permitted by VIOL Atmosphere
Normal Gross Weight

758-GE-8 T55-L-7 T64-GE-2

6000 feet, 95°F 1.0(1) 1.0 1.0(2)

6000 feet, Standard 1.12 1.12 1.12

3060 feet, 100°F 1.0(3) 1.115 1.04(3)

Sea Level, 103°F 1.20(1)(3) 1.2k 1.13(3)
1.10(3)

Sea Level, Standard 1.33 1.33 1.33

(1) 11 percent power augmentation.
. b b

(2) 5 percent power augmentation.
(3) power limited.

The weight ratios given are defined either by power limitation or by VIOL aerody-
namic blade loading limit (Cp/ 0 = .11).

The combined effect of these alternate power plant characteristics is shown by
the T58-GE-8 versus T64-GE-2 comparison of the normal gross weight payload-radius
capabilities, Figure 6.9 and by Tebles 6.1 and 6.2. The influence of power plant
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selection on the recommended Army light VIOL transport aircraft is shown in Section
T.

Table 6.3 presents some specific unloaded rotor compound helicop*ter possible with
the three gas turbines considered. The first three aircraft presented are the
McDonnell Model 113 with alternate power piant installations. These aircraft fulfill
the Army light VIOL transport requirements as described in detail in Section 7. The
other two aircraft are four-engine transports of increased size. Figure 6.10 pre-
sents the normal and maximum VTOL overload gross weight estimated payload-radius
characteristics of these larger four-engine transport aircraft.
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FEBRUARY 1 1960 ® REPORT 7064

ATRCRAFT PAYLOAD CAPABILITY FOR 250-NAUTICAL MILE RADJUS OF OPERATION

Ref. Outbound Payload for
Hormal VTOI, Altitude and Temperature Conditions
Pover Plant Gross 7
Weight 6000 ft 6000 ft 3000 ft. Botiy SO
(1bs.) 95°F Standard 100°F 103°F Standard
15,000 11001 2700 1100 40001 5700
758-GE-8 30,000 3900(1) 7100 3900 9600(%) | 13,000
Characteristics )
45,000 6300‘1) 11,200 6300 1h,uoo(1) 20,000
60,000 8000(1) 14,900 8000 19, 400 26, 650
15,000 1200 3000 2850 4600 6000
T55-L-7 30,000 4300 7800 7600 9800 13,700
Characteristics
k5,000 6700 11,700 11,600 16, 500 20,700
60,000 8800 15,600 15, koo 22, 200 27, 500
15,000 1900(2) 3600 2500 3700 6500
T64-GE-2 30,000 5200(2) 8700 6300 9000 1k, 800
Characteristics
45,000 g8e00(2) | 13 300 9900 13,700 22,000
60,000 10,900(2) 17,700 13,200 18, 300 29, 500

(1) 11 percent

T.0. power augmentation assumed
(2) 5 percent T.0. power augmentation assumed

————
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USEFUL LOAD/GROSS WEIGHT RATIO
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UNLOADED ROTOR COMPOUND HELICOPTER AIRCRAFT
USEFUL LOAD/GROSS WEIGHT RATIO VS. GROSS WEIGHT

113 P CONFIGURATION ASSUMED

1 CONSTANT FUSELAGE VOLUME
(8.6" x 6.5' x 20")

2 CONSTANT VOLUME/CARGO
(10" x 7.5" x 40" AT 60,000 LBS.)

3 CURVE USED FOR SPECTRUM ANALYSIS

0.5
0.4
e e e |
o ——
__;" = 3 —]
/’———" - - e —
1 A 2
0.3
0.2
0.1 _
0
0 10 20 30 40 50 60 70

GROSS WEIGHT - 1000 POUNDS

FIGURE 6.1
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ALTITUDE - 1000 FT.

ALTITUDE - 1000 FT.

b

UNLOADED ROTOR COMPOUND HELICOPTER
SPECTRUM ANALYSIS

n /1[7\/1\
ENGINE SFC, ¢ RATIO, (¢ ){ ) max PRODUCT AND VELOCITY Vs ALTITUDE

CHARACTERISTICS FOR T58-GE-8 ENGINES

(L. D)MAX =9.0

FEBRUARY 1 1960 ® REPORT 7064
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